This paper explains the current-fed behavior that mutual inductors introduce to the load ports of a Dual Active Bridge (DAB)-based, multi-port converter. In particular, the potentially non-ideal square waveforms at load port voltages are mathematically described.
INTRODUCTION
Direct Current (DC) distribution systems have matured to the point that DC buses are now a common solution for connecting DC sources and batteries to a primary inverter. Typical applications with DC buses include solar applications with storage and microgrid projects. One of the challenges associated with adding multiple converters on a shared DC bus is that the complexity of the system control increases as more devices are added to the system, which could increase the risk of unstable operation. Therefore, an alternative to the shared DC bus system with individual converters is to use a single multi-port converter to deliver power throughout the DC network [1] . A multi-port converter offers a variety of benefits in comparison to individual converters, including minimized conversion steps, a centralized control scheme, and reduced complexity of power flow management [2] . With such benefits, multi-port converters become appealing in applications requiring multiple converters on the same distribution architecture.
Recent research in power conversion has identified the Dual Active Bridge (DAB) converter as a highly efficient, easy to control, and scalable design. Most prototypes built for study and experimentation at the medium voltage DC level are voltage-fed DAB converters [3] - [5] . More recent research has also shown that it is possible to create a currentfed DAB using inductors. When compared with voltage-fed DAB converters, the current-fed DAB offers a wide input voltage range, a high step-up ratio, a low input current ripple, a multi-port interface, and DC fault ride-through capability [6] , [7] . Studies have already been done to prove the validity of the current-fed DAB for photovoltaic applications [6] , [8] , [9] . As demonstrated in [10] , current-fed DAB converters can achieve 93.4% efficiency over 91.5% efficiency of the voltage-fed DAB by adding minimal conduction losses in exchange for reducing switching losses.
Power flow control of a multi-port DAB is achieved based on the assumption that the voltage at each port operates as an ideal square wave [1] . However, the authors have observed that current-fed port voltages can only be approximated as ideal square waves under specific conditions. Thus, in order to achieve accurate control and estimation of power flow from port to port, it must be analytically determined under which conditions the currentfed ports can be expected to have ideal square wave port voltages. For non-ideal square wave port voltage conditions, traditional power flow cannot be used and new power flow equations must be established. The contributions of this article are to: first, analytically describe the mutual coupling effects for the multi-port DAB design, as the authors have determined that there is no coherent reference on the subject; and second, analytically determine the conditions for which the multi-port DAB input port voltages can be treated as ideal square waves.
This article is organized as follows. Section II provides a review of the current-fed, multi-port DAB design. Section III provides the derivation of the adjusted power-flow equations for the current-fed, multi-port converter design provided in Section II. In Section IV, these analytical relationships are benchmarked with simulation results generated in the PLECS/Simulink environment.
Section V provides a discussion on how performance is affected by component sizes. Finally, Section VI concludes the article. Figure 1 shows the current-fed, multi-port DAB design. The demonstrated application uses the converter as a tie between one low voltage DC bus as the source and two high voltage DC buses acting as loads with current-fed ports.
II. CURRENT-FED, MULTI-PORT DAB DESIGN
Typically, due to component voltage limitations, MVDC applications require a converter to have stacked submodules in each arm. For completeness, example configurations of arm submodules are included in Figure 1 ; however, in later analyses, a simplification is made by assuming the entire arm voltage waveform operates as an ideal square wave voltage source, with all arm submodules switching at the same time. As a result, a comparison of the effects from various configurations of arm submodules is not explored in the following analyses.
The fundamental switching voltages for each port are shown in Figure 2 . The phase angle difference between each port's switching waveform determines the magnitude and direction of power flow, similar to voltage-fed DAB converter control [11] . The switching voltage waveform at an arbitrary current-fed port x is defined as . The peaks of the switching voltage waveforms , , and in Figure 2 were set equivalent as a simplification for later calculations, but this is not a requirement for operation of the converter.
III. ANALYTICAL MODELING OF THE CURRENT-FED, MULTI-PORT DAB TOPOLOGY
In order to analyze Figure 1 , first, the behavior of a single port containing mutual inductors was evaluated. Similar to voltage-fed DAB converters, the power transferred into port 2 as shown in Figure 3 will be the product of the port voltage and the port current .
Often with DAB converters, it is convenient to calculate the current through integration of the voltage across the inductor . Thus, voltages and will describe the power transferred into port 2. Note that the voltage across the transformer due to the other ports was simplified to a voltage source
. The unknown parameters are  ,  , ,  ,  , , and , whereas the known parameters are , , , , and . Each arm voltage waveform is equal to a square wave with a 50% duty cycle and a peak value equal to the total voltage stored in the arm capacitors . The voltage of the DC network is likewise a known parameter. Voltage will be treated as a known parameter for this analysis since it will be defined later. Ultimately, the unknown parameters in Figure 3 will be defined in terms of only the known parameters in order to predict the behavior of current-fed port 2.
A. Characteristic Equations of a Single Port
Physically, the mutual inductor pairs are two adjacent coils sharing a common core. Due to the common flux linking the two inductor coils, the voltage equations at each coil are ,
,
.
(4)
Note that the current direction was defined in (1)-(4) in such a way that all terms are positive. It is assumed that all mutual inductors share the same inductance value and mutual inductance . Through nodal analysis, the current is related to the mutual inductor currents by .
(
Since the derivative of the sum of two functions equals the sum of their derivatives, the following derivative relationship of (5) must hold true:
Using algebraic manipulation and Faraday's law for inductors, (1), (2) and (6) become
Similarly, applying Faraday's law to (3), (4) and (6), the relationship becomes:
Thus, from (7) and (8), it can be shown that .
Applying Kirchhoff's voltage law to Figure 3 , (9) proves that and .
Equation (10) is one of the cornerstone equations to understanding the behavior of the circuit. Since arms 1 and 4 and arms 2 and 3 are switched in pairs (which is standard operation for DAB converters), it is also known that and .
At this point, it is most convenient to represent the difference in arm voltages as a single variable, because the resulting waveform is similar to the square wave switching voltage waveform of a typical voltage-fed DAB converter. For port 2, the switching voltage waveform can be defined as .
The switching voltage waveform defined in (12) is the waveform plotted in Figure 2 and will be used extensively to describe the switching behavior of the current-fed ports.
Using the relationships in (10)-(12), Kirchhoff's voltage law can be applied once more to Figure 3 to solve for and .
(13) (14)
From (8), (13), and (14), it is possible to define the transformer leakage inductance voltage expressed in terms of known voltage values.
(15)
The voltage across the transformer leakage inductance in (15) will be used later in conjunction with Faraday's law for inductors to define the current flowing through each currentfed port.
Only voltages and are required to describe the power transferred into port 2. Applying Kirchhoff's voltage law to Figure 3 , the voltage can be defined as .
(16)
From (16) it can be inferred that if the transformer leakage inductance is much larger than the mutual inductance ( ), the voltage will be equal to the switching voltage waveform . Conversely, if is much smaller than ( ), the voltage will equal the transformer voltage . Section V discusses the effects of inductor size on converter performance.
B. Analysis of the 3-Port Converter
The following section relates the port voltage and leakage inductor voltage of the single port solved above to the remaining ports within the converter. The simplified diagram of the 3-port system is shown in Figure 4 . Note that is an equivalent square wave voltage source representing the low voltage DC source being switched by a full bridge. Establishing the equations of a multi-winding transformer, it is known from Faraday's law of mutual induction that the Volts-per-turn of each winding is equal. Therefore, .
Total MMF in a multi-winding transformer is the magnetic analog to Kirchhoff's current law; thus, .
Since the derivative of the sum of two functions equals the sum of their derivatives, the following derivative relationship of (18) must hold true:
Applying Kirchhoff's current law to Figure 4 and Faraday's law to the derivatives of the leakage inductor currents, (19) becomes .
(20)
The port voltages at any current-fed port can be expressed in terms of arm voltages and the voltage at the transformer as shown in (16). Through algebraic manipulation and simplification of (16) and (20), it is possible to express current-fed port voltages in terms of the arm voltage waveforms and the source voltage as shown in (21) 
and,
Similarly, the voltage across the inductors can be expressed as:
The constants in (21)-(25) are equal to: Also, power transfer is expressed as:
;
(27)
Finally, through power balance, .
(28)
IV. CONVERTER PERFORMANCE ANALYSIS
In order to confirm the accuracy of the characteristic equations, a PLECS simulation was developed. Circuit component values were chosen based upon the values from a reference experiment of a current-fed DAB [7] . Table I includes the parameters that were used for both the calculations and the simulation. Recall that for simplification of the analyses, each arm was treated as a single submodule. Therefore, each arm voltage either has its capacitor switched in series (positive voltage) or the capacitor bypassed (zero Volts), which results in a square wave. Note that arm2-1 and arm2-4 switch as a pair; likewise, arm2-2 and arm2-3 switch as a pair. Also, as the duty cycle of the arms extend beyond 0.5, the voltage difference waveform will have zero states as if it were operating with a duty cycle below 0.5. Additional assumptions are made for some of the parameters. For instance, an 80% mutual coupling coefficient was selected in order to determine the mutual inductance . If a different value of is chosen, port voltages and will be affected because ports 2 and 3 contain mutual inductors. An analysis of converter performance with respect to varying values of is not included in this paper.
For simplification of the analysis and to keep the parameters similar to the reference experiment, the turns ratio of the transformer is kept at 1:1:1. Note that in order to maintain stable operation at an arbitrary current fed port , the arm voltage is related to the DC voltage with 2 .
(29)
This relationship exists to maintain the coupled inductor Voltsecond balance. Deviating from this relationship will impose a DC current bias on the coupled inductors and could possibly lead to instability. In practice, this means the capacitors within the arm submodules will require cell voltage balancing to enforce a constant overall arm voltage. The switching phase angle delays for the secondary and tertiary ports are selected to be different to conveniently isolate the effects of switching at each port. As shown in Figure 6 , a key feature of the converter voltages and is that the voltages deviate further from an ideal square wave as the phase angle delays increase. Therefore, the phase angle delays were kept at relatively small values (0.1 and 0.15). Figure 6 shows that the equations from the analyses accurately predict the behavior of the converter. It is clear that by using the selected parameters, the current-fed port voltages and cannot be assumed to be square waveforms when the transformer leakage inductance value is close in magnitude to the mutual inductance values. It is also clear that port voltages and are affected any time switching occurs at another port. Calculation of power flow through the converter is done by applying the formula in (27). The resulting analytical power flow waveforms are shown in Figure 7 and confirmed with the power flow results from the simulation.
V. DISCUSSIONS
Looking at the comparison between analytical and simulation voltage waveforms in Figure 6 , it is clear that the port voltage equations accurately describe the performance of the converter. Similarly, the equations for power flow at each port are confirmed with the simulation results in Figure 7 . The peak power values as well as average power (shown in red) are equivalent between the analysis and the simulation. Note that it takes one switching period for the simulation to calculate average power (half a period in this instance, due to symmetry) thus average power is defined as zero before a switching period elapses for the simulation.
A key result of these analyses is that the current-fed port voltages and deviate from an ideal square wave as the mutual inductance values are increased to values similar in magnitude to the transformer leakage inductances and . To explore this phenomenon further, the mutual inductance values were varied between 1% and 200% of the transformer leakage inductance values and . Figure 8 shows that the selection of inductor values significantly affects the port voltage waveforms and ultimately the performance of the converter. When the mutual inductance values are 1% of the transformer leakage inductance values, the port voltage waveform is approximately a square wave (with zero states in accordance to the switching duty cycle). Due to the relatively short period of the zero states, each port voltage waveform can be approximated as an ideal square wave in order to compute power flow.
Therefore, when mutual inductance values are much lower than transformer leakage inductance values, the traditional power flow equations for voltage-fed multi-port converters as listed in [1] can be used. With the parameters listed in Table I , power flow at the current-fed ports was computed and compared to the expected power flow from the voltage-fed power flow equations in [1] . The results shown in Figure 9 demonstrate that as the mutual inductance increases, the current-fed ports deliver less power than the "ideal power transfer" computed from the voltage-fed power flow equations. Figure 9 : Power transfer at current-fed ports with respect to the inductance ratios / (from simulation).
VI. CONCLUSIONS
The analyses establish characteristic equations for voltage, current, and power flow within a current-fed, multi-port converter. Waveforms were generated from the characteristic equations and confirmed with a PLECS simulation using circuit parameters from a reference experiment. Additionally, the validity of traditional power flow equations for a voltagefed multi-port converter were tested against the performance of the current-fed, multi-port DAB converter. The results demonstrate that under certain conditions, a current-fed port's power flow can be controlled in the same manner as a voltagefed port.
